Porphyromonas gingivalis, an asaccharolytic Bacteroidetes, is a keystone pathogen in human 39 periodontitis that may also contribute to the development of other chronic inflammatory diseases, 40 such as rheumatoid arthritis, cardiovascular disease and Alzheimer's disease. P. gingivalis utilizes 41 protease-generated peptides derived from extracellular proteins for growth, but how those peptides 42 enter the cell is not clear. Here we identify RagAB as the outer membrane importer for peptides. X-43 ray crystal structures show that the transporter forms a dimeric RagA 2 B 2 complex with the RagB 44 substrate binding surface-anchored lipoprotein forming a closed lid on the TonB-dependent 45 transporter RagA. Cryo-electron microscopy structures reveal the opening of the RagB lid and thus 46 provide direct evidence for a "pedal bin" nutrient uptake mechanism. Together with mutagenesis, 47 peptide binding studies and RagAB peptidomics, our work identifies RagAB as a dynamic OM 48 oligopeptide acquisition machine with considerable substrate selectivity that is essential for the 49 efficient utilisation of proteinaceous nutrients by P. gingivalis. 50 51 Introduction 52 The Gram-negative Bacteroidetes are abundant members of the human microbiota, especially in 53 the gut. Outside the gut, Bacteroidetes often cause disease, with the best-known examples being 54 the oral Bacteroidetes Porphyromonas gingivalis and Tannerella forsythia that are part of the "red 55 complex" involved in periodontitis 1 , the most prevalent infection-driven chronic inflammation in the 56 Western world 2 . Accumulating evidence suggests a link between periodontitis and other chronic 57 inflammatory diseases, including rheumatoid arthritis, Alzheimer's disease, chronic obstructive 58 pulmonary disease and cardiovascular disease 3-7 . Given this link, and the fastidious growth 59 requirements of P. gingivalis, it is important to understand how this key pathogen thrives and 60 causes dysbiosis of the oral microbiota in the biofilm on the tooth surface below the gum line, 61 leading to inflammation and periodontal tissue destruction.
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The CC state is essentially identical to the X-ray crystal structure (backbone r.m.s.d. values of ~0.6 177 Å), and the bound peptide occupies the same position. In the OO state, each RagB lid has 178 undergone a very substantial conformational rearrangement that swings RagB upward, exposing 179 the peptide binding site and the plug domain within the barrel interior. The bound peptide is 180 present in both barrels of the OO state, at the same position as in the CC state, but with lower 181 occupancy (Fig. 3) . This is consistent with the PISA interface analysis showing that the observed 182 peptide binding site is mainly formed by RagA. 
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TonB box, whereas in the closed side (and in the crystal and other EM structures), the density 242 starts at L115. The conformation of L115-S119 is also different from that in the open complex with 243 shifts for L115 as large as 10 Å. Interestingly, the plug region A211-A219 is also different in the two 244 states, and especially the pronounced shift for R218 (~9 Å for the head group; Fig. 4e ) may be 245 important given its location at the bottom of the binding cavity. A211-A219 contacts the region 246 following the Ton box, highlighting a potential allosteric route via binding site occupancy could 247 affect the conformation and dynamics of the TonB box. Such a mechanism is also consistent with 248 previous AFM data suggesting that the plugs of TBDTs consist of two domains 19 : an N-terminal, We initially assessed the ability of several P. gingivalis strains to grow on minimal medium 260 supplemented with BSA as a sole carbon source (BSA-MM). Interestingly, while growth on rich 261 medium is identical, robust growth on BSA-MM is observed only for the rag-1 locus strains W83 262 and A7436 20 . By contrast, rag-4 strains ATCC33277, HG66 and 381 failed to grow on BSA ( Fig.   263 5a). The RagAB complexes of strains that grow on BSA (rag-1) have the RagB acidic loop ( Fig. 1 264 and Supplementary Fig. 1 ), whereas this insertion is lacking in rag-4 strains. This suggests that 265 relatively small structural differences in RagAB could alter substrate specificity sufficiently to 266 11 prevent growth on the relatively small set of peptides that can be generated from BSA. To 
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Compared to wild type W83 RagAB, growth of the ragA and ragAB deletion strains exhibits a clear 284 phenotype characterised by long (~15-20 hrs) lag periods ( Fig. 5b ). Unlike the gingipain-null KRAB 285 strain 11 , both mutant strains grow eventually, most likely due to passive, RagAB-independent 286 uptake of small peptides produced after prolonged digestion of BSA by gingipains or other P. 287 gingivalis proteases. Interestingly, the ΔragB strain grows reasonably well on BSA (Fig. 5b ). Since 288 the strain still produces RagA (albeit at low levels; Figs. 5e,f) this demonstrates that RagB, in 289 contrast to RagA, is not required for growth on BSA in vitro 12 . Collectively, these data show that 290 RagAB is important for uptake of extracellular peptides produced by gingipains, and provide an 291 explanation for data showing that the transporter is important for the in vivo fitness and virulence of 292 P. gingivalis 20,21 .
294
We next constructed several mutant strains for structure-function studies. For RagA, the following 
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However, while the gene expression levels of all variants except the deletions vary only up to ~2-304 fold ( Fig. 5d ), the OM protein profiles show that RagAB mono is expressed at very low levels (Figs. 305 5e,f). On the other hand, OM levels of the ΔTonB mutant are similar to that of wild type, 306 demonstrating that this variant is truly inactive and therefore that RagAB is a bona-fide TBDT. For 
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suggesting they have impaired oligopeptide uptake. However, the OMP profiles of the acidic loop 310 mutants are substantially lower than wild type ( Fig. 5e ), suggesting that both acidic loop mutants 311 are likely functional, and that the striking inability of rag-4 P. gingivalis strains (e.g. ATCC 33277) to 312 grow on BSA (Fig. 5a) is not due to the absence of the RagB acidic loop. The most intriguing result 313 was obtained for the RagA ΔDUF mutant, which resembles the KRAB strain ( Fig. 5b ) and does not 314 grow even after prolonged time, despite being expressed at reasonable levels (Figs. 5e,f). Since 315 13 the ΔRagA and ΔRagAB strains (which also lack the DUF) do grow after a lag phase, the results 316 suggest an intriguing and important role for the DUF.
318
To further investigate differences in substrate specificities between the RagAB complexes from 319 W83 and ATCC 33277 we constructed an ATCC 33277 strain in which W83 ragAB was expressed 320 from a single-copy plasmid in the ATCC ΔragAB background. We also made a strain in which the 321 genomic copy of ATCC ragB was replaced by W83 ragB. Remarkably, replacement of either RagB 322 or RagAB from ATCC with the corresponding orthologs from W83 results in robust growth of the 323 ATCC strain on BSA-MM (Figs. 5g-i). These results have several important implications. First, they 324 confirm that RagAB is essential for growth on extracellular protein-derived peptides. Second, given 325 the high sequence identities for RagA (~70%) and RagB (~50%) from both strains (Supplementary 326 Fig. 1 
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has the sequence NIFKKNVGFKK, and we reasoned that its highly basic character (+4 net charge) 338 combined with the acidic loop in W83 RagB might make it also a good substrate for W83 RagAB.
339
Initial isothermal titration calorimetry (ITC) experiments showed that P4 addition to buffer without 340 protein generated very large heats, precluding ITC as a method to assess peptide binding.
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We next carried out microscale thermophoresis (MST) using N-terminally fluorescein-labelled P4 Omp40-41) and inner membrane proteins (signal peptide peptidase). These data suggest that P4 365 either didn't bind strongly and/or was outcompeted by excess endogenous P. gingivalis peptides 366 after cell lysis. As a comparison, we also analysed peptides bound to RagAB purified from the 367 gingipain-expressing W83 wild-type strain. Perhaps unsurprisingly due to dominant gingipain 368 activity post-cell lysis, many RagAB-associated peptides from wild-type W83 were derived from 369 different proteins compared to the KRAB strain (e.g. elongation factor Tu). Almost all peptides from 370 the wild-type dataset have either Lys or Arg at the C-terminus, consistent with the combined 371 trypsin-like specificity of gingipains. Only a minority of peptides from the KRAB strain have a C-372 terminal basic residue, consistent with the lack of gingipain activity in this strain. 
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Any in-depth analysis of RagAB-bound peptides is difficult because of the non-quantitative nature 382 of MS when comparing different peptides. The peptides bound to RagAB from W83 KRAB vary in 383 length from 7 to 29 residues, with a broad maximum of around 13 residues (Fig. 7a ) that fits well 384 with the peptide density observed in the structures. Assuming equal abundance of each detected 385 peptide, there is a slight preference for neutral to slightly acidic peptides, and the pI distribution has 386 a bimodal shape, with maxima for acidic and slightly basic peptides (Figs. 7b,c) . Analysis of the 387 smaller RagAB-bound peptide set from wild-type W83 yields a slightly wider size range from 5-36 388 16 residues (Fig. 7d ), but overall there are no dramatic differences between the RagAB-bound peptide 389 populations from W83 KRAB and wild-type strains (Figs. 7e,f) . Analysis of peptide amino acid 390 frequency shows a substantial enrichment of Ala, Glu, Lys, Thr and Val. By contrast, aromatics 391 (Phe, Trp) and bulky hydrophobics (Leu) appear to be under-represented (Fig. 7g) . A semi-392 quantitative treatment of the data in which the number of times a particular peptide is observed is 393 used as a proxy for relative abundance, yields similar conclusions for the KRAB strain. For the 394 wild-type W83 dataset, a pronounced shift towards basic peptides is observed due to the high 395 abundance of peptides from the N-terminus of elongation factor Tu ( Supplementary Fig. 4 ).
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Peptide binding by RagAB is selective 398 Based on chromatogram peak heights and the number of MS/MS spectra observed for a particular 399 peptide, we identified the 21-residue peptide KATAEALKKALEEAGAEVELK (henceforth named 400 P21; charge -1) from the C-terminus of ribosomal protein L7 as being very abundant in W83 KRAB
401
RagAB. The P21 peptide was synthesised in addition to its 12-residue core sequence 402 (DKATAEALKKAL, denoted P12; charge +1) that is also present in a number of similar peptides 403 but, crucially, is not identified as a RagAB-bound peptide. We next performed MST experiments on 404 P21, P12 and P4, using unlabelled peptides and His-tag labelled W83 RagAB. Remarkably, we 405 observed robust binding only for P21 (K d ~0.4 μM; Fig. 6d ). While the fit to a single binding site 406 model is reasonable, fitting to a model assuming two non-equivalent sites yields lower residuals 407 ( Supplementary Fig. 5 ). This provides the first indication that the two binding sites in RagA 2 B 2 may 408 not be equivalent, perhaps due to cooperativity between the two RagAB transporter units. The
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results for P12 and P4 (Figs. 6e,f) , suggests that these peptides are unable to displace the bound 410 endogenous peptides. The result for unlabelled P4 contrasts with that for P4-FAM (Fig. 6b) , and 411 suggests that the binding of P4-FAM may be driven by the fluorescein moiety. We next asked 412 whether the three peptides bind to RagB. W83 RagB produced good-quality binding curves with 413 P21 and P4, with similar dissociation constants of ~2 mM, but no binding was observed for P12 414 (Figs. 6g-i). ATCC RagB bound P21 with similar affinity (K d ~0.7 mM) as W83 RagB. In agreement 415 with its recent identification from peptide array analysis 22 , P4 binds well to ATCC RagB, with a 416 dissociation constant of ~70 μM (Figs. 6g-i) . Again, no binding was observed for P12 (Fig. 6k ). The
417
P21 data suggest that peptides bind with much lower affinities to RagB (P21 K d ~2 mM) compared 418 to RagAB (P21 K d ~0.4 μM), which makes sense assuming that after initial capture by RagB, the 419 peptide needs to be transferred to RagA. The data also show that the P4 and P12 peptides are not 420 good substrates for W83 RagAB and demonstrate that the transporter has a considerable degree 421 of substrate selectivity.
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Since we can measure peptide binding to purified RagAB in vitro by MST, added peptides compete 424 with co-purified endogenous peptides. Together with robust growth observed in BSA-MM we asked 425 whether we could detect acquisition of BSA tryptic peptides by RagAB in vitro (Methods). Indeed, the sample incubated with the BSA digest revealed six bound BSA peptides in addition to 427 endogenous peptides, suggesting that the BSA peptides only partly replace the co-purified 428 ensemble ( Supplementary Table 3 ). This can be explained by the fact that the BSA digest contains 429 about 65 different peptides ( Supplementary Table 3 ), such that the concentration of the BSA 430 "binder" peptides is not high enough to replace all endogenous peptides. By contrast, a 100-fold 431 excess of P21 completely displaced the co-purified peptides ( Supplementary Table 3 ). The fact 432 that only a subset of BSA peptides binds to RagAB reinforces our notion that the transporter is 433 selective. We also incubated the BSA tryptic digest experiment with purified W83 RagB. Prior to 434 incubation, RagB contains only one bound co-purified peptide. After incubation and post-SEC, two 435 BSA peptides are detected, demonstrating that at least some peptides bind to RagB with sufficient 436 affinity to survive SEC ( Supplementary Table 3 ).
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To build a unique peptide sequence in the electron density maps we co-crystallised RagAB W83 in 439 the presence of a 50-fold molar excess of P21. Comparison with the original maps obtained from 440 RagAB W83 KRAB shows peptide density at the same site, but with substantial differences, in 441 particular at the N-terminus and positions 9 and 10 of the peptide ( Supplementary Fig. 6 ).
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However, given that different peptide ensembles co-purify in transporters derived from W83 KRAB 443 and wild-type strains we also crystallised RagAB purified from wild-type W83. The densities for the 444 peptide ensembles from W83 KRAB and wild-type strains are similar, with reasonable fits for the 445 same 13-residue peptide model (ASTTGANSQRGSG). By contrast, the peptide model for the P21 446 co-crystallisation structure has to be changed substantially for a good fit. The P21 sequence does 447 not fit the density unambiguously, and we speculate that P21 and other peptides are bound with 448 register shifts and perhaps different chain directions. Despite this, in all three structures the same 449 RagAB residues hydrogen bond with the backbones of the modelled substrates, providing a clear 450 rationale how the transporter can bind many oligopeptides.
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Our combined data show that RagAB is a dynamic OM oligopeptide transporter that is important 453 for growth of P. gingivalis on extracellular protein substrates and possibly for peptide-mediated 454 signalling 22 . We propose a transport model in which the open RagB lid binds substrates followed 455 by delivery to RagA via lid closure ( Supplementary Fig. 7a ). This would make the RagA Ton box 456 accessible for interaction with TonB, followed by formation of a transport channel into the 457 periplasmic space. To test the premise that substrate binding induces lid closure we collected cryo- (Supplementary Figs. 7b,c) . 
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What, then, causes the observed conformational changes in the plug? One possibility is that parts 471 of peptide substrates that are invisible (e.g. due to mobility) contact the plug. Given the very large 472 solvent-excluded RagAB cavity even with the modelled 13-residue peptide (~ 9800 Å 3 ; ~11500 Å 3 473 without peptide; Supplementary Fig. 2) , there is enough space to accommodate the long 474 substrates identified by the peptidomics, and these could contact the plug directly. Regardless of 475 these considerations, the presence of substrate density in the open states of the cryo-EM 476 structures suggests that it may not be the occupation of the binding site per se that is important for 477 TonB interaction, but closure of the RagB lid ( Supplementary Fig. 7) . Thus, we hypothesise that 478 certain peptides may bind to RagAB, but do not generate the closed state of the complex and 479 signal occupancy of the binding site to TonB. This may provide an alternative explanation for the 480 different MST results for the P4 and P4-FAM peptide titrations to RagAB (Fig. 6) . Given the nature 481 of the MST signal, titrating unlabelled P4 to labelled RagAB is likely to give a signal only if the 482 binding causes a conformational change (e.g. lid closure in the case of RagAB). In the "reverse" 483 experiment, the readout is on the labelled peptide (P4-FAM), and the large change in mass upon 484 binding could generate a thermophoretic signal in the absence of any conformational change.
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Thus, P4 may be an example of a substrate that binds non-productively to RagAB. (Fig. 3) . Together, this suggests that the individual RagAB 494 complexes could exhibit some kind of cross-talk such as cooperative substrate binding. This notion 495 is supported by the MST data for P21 binding to RagAB, suggesting the presence of two non-496 identical ligand binding sites and negative cooperativity ( Supplementary Fig. 5 ).
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The rag locus was probably obtained via horizontal gene transfer of the sus operon, as it is located 499 on a pathogenicity island of P. gingivalis 21, 23, 24 . In contrast to environmental and commensal 500 Bacteroidetes that have many SusCD systems dedicated to glycan transport 14 , all P. gingivalis 501 strains sequenced to date (57 in total) have only one ragAB operon. A single ragAB operon is also present in all strains of Porphyromonas gulae (12 in total), the pathogenic equivalent of P. 503 gingivalis in dogs, and in some other closely related oral species of Porphyromonas. The distinct 504 chemical nature of various glycans likely requires transporter diversification, and we speculate that 505 this has underpinned the evolution of multiple SusCD systems for glycan transport in e.g. gut
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Bacteroides spp. By contrast, the peptide backbone offers a way to achieve polyspecificity, 507 obviating the need to evolve multiple highly selective peptide transporters. The natural habitat for 508 P. gingivalis is dental plaque, a biofilm on the tooth surface immersed in gingival crevicular fluid 509 (GCF), an inflammatory exudate which is dominated by a limited number of abundant plasma 510 proteins such as albumin 25 , and we speculate that this may have contributed to RagAB substrate 511 selectivity. By developing a surface-exposed proteolytic machinery (gingipains) together with a 512 transport system (RagAB) that efficiently imports relatively large peptides, P. gingivalis likely has a 513 competitive advantage in vivo.
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A contribution of RagAB to P. gingivalis virulence was first proposed based on the observation that 516 both RagA and RagB are recognized by the sera of periodontitis patients, but not by that of healthy 517 controls 26 . The rag locus also contributes to host cell invasion by P. gingivalis 27 and soft tissue 518 damage in a murine abscess model 28 . A definitive assignment of the role of the rag locus in 519 virulence is complicated by the fact that clinical strains of P. gingivalis carry allelic forms of 520 established virulence factors such as fimbria, that are known to be variably associated with the 521 severity of periodontitis 29 . RagAB occurs in 4 well-defined allelic forms (rag-1, -2, -3 and -4) 20 .
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Since rag-1 locus strains are associated with more severe periodontitis 20 and are more virulent in 523 mice models of infection 28 argues that the ability of rag-1 strains to grow on BSA (which is 70 and 524 76% identical to mice and human albumin, respectively) adds to the pathogenicity of P. gingivalis 525 in vivo. Although the contribution of the different rag loci to P. gingivalis virulence needs further 526 study it is clear that expression of RagAB is absolutely essential to P. gingivalis ATCC33277 (rag-4 527 genotype) fitness during epithelial colonization and survival in a murine abscess model 30 . Finally,
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RagB directly stimulates a major pro-inflammatory response in primary human monocytes 31 and, 529 therefore, may have a direct role the pathobiology of periodontitis. RagB is also under investigation 530 as a potential vaccine against periodontitis 32,33 . 
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Isolation of the outer membrane fractions. Outer membrane fractions from 1 l of culture were 708 isolated using sarkosyl extraction method (see RagAB W83 KRAB production and purification).
709
The samples in 10 mM Hepes/50 mM NaCl pH 7.5 containing 1% LDAO were diluted 3 times and 710 loaded on SDS-PAGE. The bands were analysed quantitatively using Image Lab 6.0.1 software 711 (BIO-RAD). The band at ~70 kDa was used as a reference sample (loading control). qPCR. Samples of 1 ml of bacterial cultures (OD 600 = 1.0) were centrifuged (5,000 x g; 5 min) at 4 731 °C, pellets were resuspended in 1 ml Tri Reagent (Ambion), incubated at 60 °C for 20 minutes, 732 cooled to room temperature and total RNA was isolated according to manufacturer's instructions.
733
Genomic DNA was removed from samples by digestion with DNAse I (Ambion); 2 µg of RNA was 734 incubated with 2 U of DNAse for 60 minutes at 37 °C. Following digestion, RNA was purified using 735 Tri Reagent. Reverse transcription of 50 ng of RNA was performed with High-Capacity cDNA 736 Reverse Transcription Kit (Life Technologies), and reaction mixture was then diluted 20 times.
737
Real-time PCR was done in 10 µl reaction volume, using KAPA SYBR FAST qPCR Master Mix 738 (Kapa Biosystems) with 2 µl of diluted reverse transcription mixture as template. Primers used are 739 listed in Table S4 . Reaction conditions were 3 minutes at 95 °C, followed by 40 cycles of 740 denaturation for 3 seconds at 95 °C and annealing/extension for 20 seconds at 60 °C. The reaction 741 was carried out with a CFX96 thermal cycler (Bio-Rad), and data was analysed in Bio-Rad CFX
742
Manager software.
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CryoEM sample preparation and data collection. A sample of purified RagAB solubilised in a 745 DDM-containing buffer (10 mM HEPES pH 7.5, 100 mM NaCl, 0.03 % DDM) was prepared at 1.75 746 mg/ml (principle dataset) or 3 mg/ml (P21 addition experiment). For the P21 addition experiment, 747 control and P21-doped grids (with 50-fold molar excess of P21 peptide) were prepared at the same 748 time from the same purified stock of RagAB for consistency. In all cases, a 3.5 μL aliquot was 749 applied to holey carbon grids (Quantifoil 300 mesh, R1.2/1.3), which had been glow discharged at 750 10 mA for 30 s before sample application. Blotting and plunge freezing were carried out using a 751 Vitrobot Mark IV (FEI) with chamber temperature set to 6 °C and 100 % relative humidity. A blot 752 force of 6 and a blot time of 6 s were used prior to vitrification in liquid nitrogen-cooled liquid 753 ethane.
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Micrograph movies were collected on a Titan Krios microscope (Thermo Fisher) operating at 300 756 kV with a GIF energy filter (Gatan) and K2 summit direct electron detector (Gatan) operating in 757 counting mode. Data acquisition parameters for each data set can be found in Supplementary   758   Table 2. 759 760 Image processing. Image processing was carried out using RELION (v2.1 and v3.0) 53,54 . Drift 761 correction was performed using MotionCor2 55 and contrast transfer functions were estimated using 762 gCTF 56 . Micrographs with estimated resolutions poorer than 5 Å and defocus values >4 μm were 763 discarded using a python script 57 . For the principle RagAB dataset, particles were autopicked using 764 a gaussian blob with a peak value of 0.3. Control and experimental datasets for the P21 addition 765 experiment were autopicked using the 'general model' in crYOLO 58 . In both cases, particles were 766 extracted in 216 x 216 pixel boxes and subjected to several rounds of 2D classification in 767 26 RELION 53 . 3D starting models were generated de novo from the EM data by stochastic gradient 768 descent in RELION. Processing of RagAB control and P21-doped datasets was only taken as far 769 as 3D classification.
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For the principle RagAB dataset, three conformational states representing the CC, OC and OO 772 states were apparent in the first round of 3D classification and the corresponding particle stacks
